Introduction
Subarachnoid hemorrhage (SAH) constitutes 5-10% of strokes in the United States [1] . Intracranial aneurysm rupture is the etiology of approximately 85% of spontaneous SAH [2] . While treatment of intracranial aneurysms has evolved significantly over the past two decades, the rate of hospital admission for SAH has not decreased [3] . The rate of SAH-related mortality is approximately 50% with approximately one half of survivors suffering from long-term neurocognitive deficits and one third requiring permanent assistance [4] [5] [6] . Therefore, the most effective method for improving the currently dismal outcomes associated with aneurysm hemorrhage is to prevent rupture [7] .
In patients without a known family history of aneurysms, screening noninvasive angiography is impractical. Unfortunately, a reliable serum test for aneurysm detection in the general population is yet to be validated. Therefore, our focus remains on treating those patients with known aneurysms to prevent the catastrophic morbidity, which frequently accompanies rupture. The most direct approach for preventing aneurysm rupture is obliteration via either an endovascular or microsurgical approach. However, despite advances in endovascular and microsurgical techniques, the morbidity and mortality associated with the treatment of unruptured aneurysms are not inconsequential [8, 9] . The morbidity and mortality from rupture are still significant in aneurysm patients who are deemed low risk for rupture, high risk for rupture, or both. Therefore, noninvasive therapies for aneurysm stabilization and regression are attractive targets of current preclinical research efforts [10] .
Inflammation plays a key role in propagating aneurysm destabilization toward eventual rupture [11, 12] .
Recent studies have demonstrated that aspirin (acetylsalicyclic acid), a commonly used antiplatelet drug, may decrease the incidence of aneurysmal SAH by counteracting pro-inflammatory pathways and stabilizing aneurysm walls [13] [14] [15] . The goal of this review was to critically analyze the biological mechanisms by which aspirin attenuates inflammation and its potential role in abrogating pathways leading to formation, progression, and rupture of intracranial aneurysms.
Potential Therapeutic Role of Aspirin in Cerebral Aneurysms
Because endovascular and microsurgical treatment of intracranial aneurysms can be associated with significant morbidity and in some cases may be cost-prohibitive, noninvasive and affordable pharmacological therapies are needed. Inflammation is thought to play a central role in the pathogenesis of intracranial aneurysm rupture [10, 11] . Aspirin has emerged as a promising candidate for noninvasive treatment of intracranial aneurysms, largely through its anti-inflammatory effects [13, 14, [16] [17] [18] [19] [20] ( fig. 1 ). Studies have shown that aspirin may act on several constituents of the inflammatory response that have been demonstrated to play a key role in the pathogenesis of intracranial aneurysms ( table 1 ) .
Endothelial cell dysfunction is an early step in aneurysm pathogenesis. Macrophages and vascular smooth [21] . Numerous inflammatory molecules, such as nuclear factor kappa B (NF-κB), interleukins, tumor necrosis factor-α (TNF-α), and monocyte chemoattractant protein-1 (MCP-1), also play an integral role in the inflammatory reaction in aneurysm walls [10] . The inflammatory cascade leads to the release of matrix metalloproteinases (MMP) by macrophages, with degradation of the extracellular matrix, weakening of the arterial wall, and ultimately aneurysm rupture. There is data to suggest that aspirin inhibits TNF-α-mediated expression of NF-κB, induction of adhesion Transforming growth factor-β (TGF-β) An anti-inflammatory cytokine, which promotes apoptosis via activation of the SMAD or DAXX signaling pathways. TGF-β also potentiates the immunosuppressive effects of regulatory T cells.
Nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB)
A transcription factor, which is activated by inflammation and regulates the expression of many genes involved in the inflammatory cascade, including cytokines, immune receptors, and cell adhesion molecules. NF-κB also regulates the differentiation and proliferation of various immune cells.
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Cerebrovasc Dis 2015;39:332-342 DOI: 10.1159/000381137 335 molecules, and adhesion of monocytes in endothelial cells [22] . It also blocks the expression of TNF-α release in smooth muscle cells and macrophages [23, 24] . Additionally, aspirin directly inhibits MMP-2 and MMP-9 expression in macrophages, and may also induce the expression of tissue inhibitors of metalloproteinases (TIMPs) [25] . These molecular mediators have been found to be critical to aneurysm formation and rupture in animal models and have been found to be upregulated in human cerebral aneurysms ( fig. 2 ) [10] . In an animal model of cerebral aneurysm formation and rupture, we have found aspirin to have a protective effect. Mice treated with Celebrex, the selective COX-2 inhibitor and COX-2 knockout mice had a decreased incidence of aneurysm formation and rupture. There was no alteration in aneurysm formation or rupture in mice treated with SC560 (COX-1 inhibitor) or in COX-1 knockout mice (unpublished). This provides further support for the potential role of aspirin in inhibition of COX-2 in cerebral aneurysm formation and rupture and provides further support for human clinical trials.
Evidence of the Protective Role of Aspirin in Human SAH
COX-2 is an attractive target in human cerebral aneurysms. We have previously found that the walls of ruptured human intracranial aneurysms have higher levels of COX-2 and microsomal prostaglandin E2 synthase 1 (mPGES-1), both of which are known to be inhibited by aspirin [17] . Based on this prior work, we have found in a randomized trial that patients harboring unruptured intracranial aneurysms who were treated with aspirin (81 mg daily for 3 months) had attenuated expression of COX-2, mPGES-1, and macrophages in aneurysm walls after 3 months of aspirin therapy [14] . Additionally, we have assessed local circulating expression of chemokines and COX-2 in relation to cerebral aneurysms. Inflammatory chemokines known to play a role in cerebral aneurysm formation were increased locally in blood samples taken from within aneurysm domes as compared to peripheral blood sample controls [26] . Similarly, in patients who underwent endovascular treatment of cerebral aneurysms, blood was collected from the dome of the aneurysm and femoral arteries. At this time, a stent was placed and patients were started on aspirin. After allowing time for the stent to heal and endothelialize, the patients underwent aneurysm coiling one month later while still on aspirin. The assessment of peripheral femoral artery blood as compared to intra-aneurysmal blood demonstrated increased expression of COX-2 within leukocytes, which normalized following initiation of aspirin (unpublished; fig. 3 ). These findings provided evidence that aspirin decreased the inflammatory reaction in aneurysm walls and may potentially be used as a therapeutic agent to prevent intracranial aneurysm growth and rupture. Further evidence of a protective role of aspirin against intracranial aneurysm rupture comes from further human clinical studies. We have previously found that in a nested case-control study from the International Study of Unruptured Intracranial Aneurysms (the largest study to date on the natural history of intracranial aneurysms) found that patients taking aspirin at least three times weekly had a significantly lower risk of SAH (OR, 0.27; 95% CI, 0.11-0.67; p = 0.03) compared with those who never took aspirin [13] . There was a linear association between aspirin intake (time per week) and the incidence of aneurysm rupture.
These findings were replicated by another large, welldesigned study by García-Rodríguez and colleagues [27] 337 that examined the relationship between the use of antiplatelets/warfarin and the risk of hemorrhagic stroke.
Compiling data from 1,797 patients with intracerebral hemorrhage, 1,340 patients with subarachnoid hemorrhage (SAH), and 10,000 selected controls, the authors determined the risk of hemorrhagic stroke in users and nonusers of antiplatelets after adjusting for demographic/ lifestyle factors and comorbidities. Importantly, chronic low dose aspirin therapy was found to have a protective effective against SAH, especially in patients on long-term aspirin therapy (>3 years). Equally important was the finding that aspirin did not increase the risk of intracerebral hemorrhage. Some authors believe that the protective effect of aspirin against aneurysm rupture is related to its antiplatelet effects since inhibition of platelet activation reduces endothelial injury, mural thrombus formation, and subsequent aneurysm wall inflammation. While this could be a possible mechanism, a recent study [27] showing no protective effect for clopidogrel (a more potent antiplatelet agent) against SAH argues against this hypothesis. Furthermore, studies have found that aspirin has not increased the bleeding complications following aneurysm rupture and may have a beneficial overall effect on outcome. In a review of 747 consecutive patients with cerebral aneurysms, Gross et al. [15] compared the rate of hemorrhagic presentation in those taking aspirin and those who were not. They found that the rate of hemorrhagic presentation was significantly lower in patients taking aspirin (28 vs. 40%, p = 0.01). The authors also compared factors like demographics, aneurysm characteristics, clinical and radiographic grades, vasospasm, and outcome at 1 year between patients with aneurysmal SAH taking aspirin on presentation and those who were not. The 2 groups were comparable with regard to baseline characteristics and there was no difference in the rate of delayed cerebral ischemia. The predictors of poor outcome were increasing age, higher Hunt and Hess grades, and hypertension, whereas aspirin use was not associated with poor outcome. This is a crucial observation because neurosurgeons tend to assume that aspirin would worsen the bleed and adversely affect the outcome of patients with SAH. A randomized controlled trial that compared the risk of delayed cerebral ischemia in SAH patients taking aspirin or not did not find a beneficial effect of aspirin in this respect [28] . However, it should be noted that aspirin was not associated with worse outcomes. Moreover, there was a 21% reduction in the risk of poor outcome with aspirin therapy, although the difference never reached statistical significance [28] .
Overall, because aspirin may prevent aneurysm rupture and does not have a negative effect on outcomes in SAH patients, it is reasonable to consider aspirin as one of the treatments of intracranial aneurysms to go along with endovascular therapy and surgical clipping.
Aspirin and Innovations in Molecular Imaging in Cerebral Aneurysms
Ferumoxytol-enhanced MRI is a technique that is recently being investigated. Ferumoxytol is a member of the class of ultrasmall superparamagnetic iron oxide and is approved for treatment for iron deficiency anemia in patients with chronic renal failure. It is also used as an intravascular contrast agent and an inflammatory marker when imaging is delayed because it is cleared by macrophages (usually within 24-72 h) [29] .
We assessed in a small study whether ferumoxytol-enhanced MRI can be used to noninvasively measure the effects of aspirin on intracranial aneurysms [16] [17] [18] 30] . Five patients with intracranial aneurysms underwent baseline imaging using ferumoxytol-enhanced MRI before they received 325 mg aspirin daily. After 3 months of treatment, imaging studies revealed decreased signal intensity in aneurysm walls compared to the baseline images in all 5 patients. These results suggested that aspirin attenuates inflammation in aneurysm walls and that ferumoxytol-enhanced MRI allows the possibility of imaging the effect of aspirin on intracranial aneurysms.
We investigated in a randomized controlled trial the effects of aspirin on inflammatory cells and molecules in the wall of human cerebral aneurysms [14] . We randomized 11 patients with unruptured intracranial aneurysms into aspirin-treated (81 mg daily) (n = 6) and untreated (control) groups (n = 5). We obtained imaging of the aneurysms at baseline using ferumoxytol-enhanced MRI to estimate uptake by macrophages and after three months before microsurgical clipping ( fig. 4 ). The signal intensity in patients on aspirin was remarkably decreased in the wall of cerebral aneurysms on ferumoxytol-enhanced MRI, whereas in the control group, the signal intensity did not change. Importantly, the findings of ferumoxytolenhanced MRI were consistent with immunostaining in that the expression of cyclooxygenase-1, microsomalprostaglandin-E2 synthase-1, and macrophages was significantly lower in the aspirin group than in the control group.
To further assess the role of aspirin in this process, incubated macrophages were stimulated with lipopolys- caracide and ferumoxytol and then were treated with aspirin versus vehicle. Immunohistochemistry demonstrated that macrophages treated with aspirin had a marked decrease of uptake of ferumoxytol. This supports the findings on ferumoxytol-MRI where patients treated with aspirin had decreased intensity of the signal on the T2 sequence, suggesting decreased inflammation in the aneurysm wall. These studies provide further evidence that aspirin may attenuate the inflammatory process in the wall of human cerebral aneurysms and that ferumoxytol-enhanced MRI is a reliable technique to monitor the effects of aspirin on aneurysms. Overall, with further refinement in technique and quantification of signal intensity, ferumoxytol-enhanced MRI may be used to identify patients who respond to aspirin therapy versus those who will require more invasive intervention.
The Effect of Aspirin on the Coagulation Cascade
Aspirin does not directly act on the coagulation cascade but instead causes a permanent defect in platelet function [31] . Aspirin irreversibly inhibits the two primary isoforms of the enzyme cyclooxygenase (COX), COX-1 and COX-2, which catalyze the synthesis of multiple eicosanoids from arachidonic acid (AA) ( fig. 1 ) . COX-1 converts AA to prostaglandin H 2 (PGH 2 ), which is then converted to thromboxane A 2 (TXA 2 ) in activated platelets by thromboxane synthase. TXA 2 propagates a positive feedback loop by binding to the G-protein coupled TXA 2 receptor on other platelets, thereby inducing activation and recruiting them to the site of injury. Recruitment of activated platelets allows further cross-linking via fibrin and expansion of the platelet plug. In a biochemical pathway parallel to that of TXA 2 synthesis, PGH 2 is also converted to prostacyclin, otherwise known as prostaglandin I 2 (PGI 2 ), by COX-2 in endothelial cells [32] . Prostacyclin is a physiological antagonist to the TXA 2 , causing vasodilation and discouraging thrombosis. The balance between TXA 2 and prostacyclin regulates the platelet response to vascular endothelial injury.
Aspirin indirectly inhibits the coagulation cascade by decreasing the formation of TXA 2 . The mechanism by which aspirin causes functional platelet inhibition is the prevention of platelet aggregation and cross-linking via fibrin. The antiplatelet effects of aspirin make it useful in preventing thromboembolic events associated with a variety of vascular diseases, but they may be also responsible for the hemorrhagic complications [33] .
Aspirin and Inhibition of Inflammation
In addition to its efficacy as an antiplatelet drug, aspirin is also a powerful inhibitor of inflammation. The classically described pathway through which aspirin ameliorates the inflammatory response is via COX inhibition, thereby decreasing the conversion of AA to PGH 2 . PGH 2 is not only converted to TXA 2 and prostacyclin but also to prostaglandins D 2 (PGD 2 ), E 2 (PGE 2 ), and F 2α (PGF 2α ), all of which act by autocrine-or paracrine-signaling mechanisms through their respective G-protein-coupled prostaglandin receptors [34] . Furthermore, TXA 2 and prostacyclin affect more than just the regulation of platelet aggregation; they also play important roles in the inflammatory cascade. The combined effect of the PGH 2 -derived prostaglandins in humans is the enrichment of pro-inflammatory signaling.
COX-1 is constitutively expressed, while COX-2 expression is inducible by inflammation. However, both isozymes have been shown to contribute to the inflammatory response [35] . Human studies suggest that COX-1 mediates the initial acute inflammatory response, while COX-2 induction occurs several hours after ictus perpetuates it [36] . A multitude of preclinical animal models have been used to study the effects of both COX-1 and COX-2 genetic and biochemical inactivation with knockout models and pharmacological inhibitors [37] . COX-2 has been demonstrated to possess dual pro-and anti-inflammatory roles by propagating the initial phase of inflammation but aiding in its resolution in later phases [38] . The delineation between which synthetic products of COX-2 contribute to each of these two functions is yet to be made.
In addition to its COX-dependent anti-inflammatory mechanisms, literature supporting COX-independent mechanisms by which aspirin suppresses inflammation is beginning to accumulate. The mechanisms underlying the COX-independent effects of aspirin are not well understood, but preliminary data suggests that aspirin may reduce signaling through the transforming growth factor-β (TGF-β) signaling pathway [39] . Other studies have implicated aspirin in blockade of the nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB) transcriptional activation pathway [40] . The contribution of COX-dependent versus COX-independent mechanisms to the physiological anti-inflammatory impact of aspirin remains unknown.
Aspirin in Peripheral Vascular Disease, Atherosclerosis, and Aortic Aneurysms
Although the beneficial role of aspirin in a number of disease processes is due to its antithrombotic effects, inhibition of inflammation is a critical element. Aspirin has also been found to be beneficial in the inhibition of cancer [41] [42] [43] . Pooled analysis of randomized controlled trials showed that daily aspirin use reduces the risk of colorectal cancer by 24% and associated mortality by 35% after 8-10 years [44, 45] . Another meta-analysis revealed that daily aspirin use led to a 21% reduction in the risk of all cancer death, including colorectal cancer [44] .
Aspirin is the mostly widely prescribed antiplatelet medication for the secondary prevention of cerebral and myocardial ischemia secondary to vascular disease [46] . Atherosclerosis is a chronic inflammatory process by which vascular endothelial injury results in lipid accumulation in the subendothelial layer of vessel walls resulting in plaque formation. Atherosclerosis is the primary pathobiological process underlying the leading causes of mortality worldwide [47] . The clinical endstage event of atherosclerosis-related diseases depends on the location of the plaque; atherosclerosis of the coronary arteries leads to myocardial infarction (MI), atherosclerosis of the extracranial and intracranial carotid and vertebrobasilar circulations lead to stroke, and atherosclerosis of the peripheral arteries leads to vascular claudication and limb ischemia. Additionally, atherosclerosis contributes to the development of aortic and cerebral aneurysms [48, 49] .
For patients with coronary artery disease (CAD), extracranial carotid atherosclerotic disease (ECAD), and intracranial atherosclerotic disease (ICAD), there is class I evidence that aspirin is clinically effective and cost-effective for secondary prevention of stroke and MI [46, 50] . By discouraging platelet aggregation, aspirin reduces the thromboembolic complications associated with CAD, ECAD, and ICAD [51] [52] [53] . A trial of patients with recent transient ischemic attack (TIA) or minor ischemic stroke, demonstrated that treatment with aspirin and clopidogrel, which inhibits platelet aggregation by a mechanism distinct from aspirin, affords further protection from ischemic stroke without an increase in hemorrhagic complications compared to aspirin monotherapy [54] . For stroke prevention in symptomatic ICAD, aspirin has been demonstrated to possess equivalent efficacy but superior safety compared to warfarin [55] . A multicenter, prospective, randomized trial comparing endovascular stenting to aggressive medical management for symptomatic, severe ICAD demonstrated superior outcomes in the medical management cohort with a dual antiplatelet regimen including aspirin and clopidogrel [50] .
For patients with peripheral vascular disease (PVD), the benefit of aspirin in reducing the risk of stroke or MI is controversial [56, 57] . A meta-analysis of 18 prospective, randomized trials including over 5,000 patients demonstrated that aspirin decreased the risk of cardiovascular events, which was not statistically significant (relative risk 0.88, p = 0.13) but significantly decreased the risk of nonfatal stroke (relative risk 0.66, p = 0.02) [58] . There was no significant effect of aspirin on all-cause mortality (p = 0.85) or major hemorrhage (p = 0.98). Despite the lack of substantial evidence supporting its benefit for PVD patients, aspirin remains the first-line therapy for stroke and MI prevention due to its relatively favorable benefit to risk profile [59] .
In a manner similar to cerebral aneurysms, inflammation is believed to play a crucial role in the development of AAAs [48] . T regulatory cells, which are natural suppressors of the immune response and inflammation, have been shown to regulate AAA formation and decrease their rupture [60] . Intraluminal mural thrombus (ILT) development, a frequent occurrence in AAAs, accelerates their progression and predisposes them to rupture by decreasing oxygen diffusion to the aneurysm wall thereby triggering a hypoxia-induced inflammatory response, which causes focal weakening of the wall [61] . Aspirin is believed to limit the enlargement and decrease the rupture risk of AAAs by acting through antiplatelet mechanisms to reduce ILT formation and by anti-inflammatory mechanisms to decrease the immune response to vascular endothelia injury and oxidative stress [62] . However, there is currently a paucity of clinical data supporting the protective effects of aspirin on AAA progression and rupture.
Conclusion
Aspirin is a beneficial therapy in many disease states due to its potent anti-inflammatory mechanisms. Currently, there are no pharmacological therapies for patients with cerebral aneurysms, but inflammation is a critical element of cerebral aneurysm pathophysiology. In animal models, treatment with aspirin and the genetic inactivation of COX-2 decrease aneurysm formation and rupture. Treatment of human patients with aspirin also decreases the expression of COX-2 within cerebral aneurysms and markers of intra-aneurysmal inflammation. Novel molecular imaging with ferumoxytol-enhanced MRI may allow the identification of patients at increased risk for aneurysm rupture and assess response to aspirin therapy.
Evidence reviewed supports the continuation of aspirin in all patients newly diagnosed with aneurysm who are already taking aspirin. It is also reasonable to start aspirin in patients with unruptured aneurysms in whom observation is elected. Aspirin could be prescribed in patients who do not meet criteria for invasive treatment (advanced age; small aneurysm; significant comorbidities) or in those who elect for conservative treatment. Aspirin could be added as an adjunct to decrease the inflammatory reaction in aneurysm walls and prevent aneurysm recurrence but this would require further investigation.
Aspirin is an affordable and widely available drug especially in developing countries that lack resources for surgical or endovascular management of aneurysms. Aspirin is also a safe drug that has several other health benefits including prevention of myocardial infarction, ischemic stroke, and colorectal cancer. Clinicians and patients are also very familiar with aspirin, its dosing regimen and side effects, which facilitates its use for the prevention of SAH.
Aspirin has been found to be safe in patients harboring cerebral aneurysms, and clinical studies provide evidence that it may decrease the overall rate of rupture. Additionally, it is easily accessible and inexpensive. Future trials are indicated to determine the effect of aspirin on aneurysm progression and rupture. Currently, a multicenter randomized clinical trial is planned to assess the role of aspirin in inhibition of aneurysm rupture. Patients older than 65 years of age with aneurysms <7 mm deemed at low risk of rupture, high risk of treatment, or both would be assigned to current best medical therapy with our without aspirin. Additionally, a subcohort of patients with unruptured brain aneurysms will undergo the longitudinal follow-up to assess whether aneurysms that grow or rupture exhibit increased inflammation as demonstrated on ferumoxytol-enhanced MRI.
